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Abstract We analyze the data on hydrogen energetic neutral atoms (ENAs) emissions from the
dayside of Mars, recorded by a Neutral Particle Detector of the Analyzer of Space Plasmas and Energetic
Atoms aboard Mars Express from 14 March to 9 July 2004. We ﬁrst identify and analyze events of the ENA
ﬂux enhancement coinciding with the presence of the crustal magnetic anomalies on the dayside of Mars.
We then backtrace the ENA emissions to the lower altitudes (source region) and build up an average map of
the ﬂux intensities in the geographic coordinates with all the available data. The map shows a peak-to-valley
ENA ﬂux enhancement of 40%–90% close to the crustal magnetic anomaly regions. These results suggest
the inﬂuence of the magnetic anomalies on the ENA emission from the dayside of Mars. The enhancement
may result from the deviation of the highly directional plasma ﬂow above anomalies toward the detectors
such that more charge exchange ENAs would be recorded. Alternatively, higher exospheric densities above
the anomalies would also result in an increase of the charge exchange ENA ﬂux.
1. Introduction
Energetic neutral atoms (ENAs) are mainly generated via charge exchange reactions between ions and
neutral particles in a background neutral gas [cf. Futaana et al., 2011]. ENAs preserve the velocities of their
parent ions and thus can be used to diagnose the plasma remotely because the ENA production rate is pro-
portional to the product of the ion ﬂux and the neutral particle density. At Mars, ENA measurements so
far have been used to study the basic generation mechanisms of ENAs [Gunell et al., 2006a; Futaana et al.,
2006a; Galli et al., 2008], the ion dynamics in the subsolar region [Futaana et al., 2006a; Grigoriev et al., 2006],
and the response of the Martian-induced magnetosphere to extreme space weather condition [Futaana et
al., 2006b] and to constrain exospheric gas proﬁles [Galli et al., 2008]. In this study, we investigate the eﬀects
of the Martian magnetic anomalies [Acun˜a et al., 1998] on the ENA production.
The crustal magnetic anomalies discovered by Mars Global Surveyor [Acun˜a et al., 1998] aﬀect the local
solar wind and ionospheric plasmas and may even impact the neutral atmosphere. The magnetic anomalies
locally change the plasma ﬂow of the shocked solar wind, which has been observed on numerous occa-
sions. For example, the magnetic anomalies form the minimagnetosphere and cusp-like ﬁelds respectively
in the closed and open ﬁeld line regions [Mitchell et al., 2001; Ness et al., 2000; Krymskii et al., 2002]. They
also elevate the induced magnetosphere boundary (IMB) [Crider et al., 2002; Brain et al., 2005; Dubinin et al.,
2006]. Moreover, the magnetic anomalies allow the magnetosheath electrons to precipitate in the cusp-like
regions [Ness et al., 2000; Krymskii et al., 2002; Soobiah et al., 2006] and restrict the vertical diﬀusion of iono-
spheric electrons in the closed ﬁeld line regions [Soobiah et al., 2006; Brain et al., 2007]. The parameters
and/or chemical states of the neutral atmosphere over the magnetic anomalies could be inﬂuenced by the
varied plasma ﬂux. There are very few observations of this eﬀect, only Krymskii et al. [2003, 2004] reported
increase of the upper atmosphere temperature above the anomalies. All these modiﬁcations on plasma
and/or neutral characteristics may aﬀect the ENA emission near magnetic anomalies. The goal of this paper
is to investigate how the magnetic anomalies aﬀect the ENA emissions.
This paper is organized as follows: section 2 introduces the instrument and the selection of data. Section 3
shows two typical cases when a large-scale anomaly was within and outside the ENA detector ﬁeld of view
(FOV). In section 4 we present a map of the ENA emissions from the dayside hemisphere of Mars and their
correlation with the crustal magnetic ﬁeld intensity. In section 5 we ﬁrst discuss the observed correlation
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between the ENA ﬂux enhancement and the magnetic anomalies and propose two mechanisms producing
the observed results. Section 6 summarizes the study.
2. Instrumentation andData Selection
We use the data from Neutral Particle Detectors (NPDs), a component of the Analyzer of Space Plasma
and Energetic Atoms (ASPERA-3) onboard Mars Express (MEX). NPD is composed of two identical sensors,
referred to as NPD1 and NPD2. Each sensor is a time-of-ﬂight (TOF) ENA energy spectrometer, which mea-
sures the count rate of incident ENAs as a function of their energy. The energy of an ENA is determined
by measuring the TOF, which is the time spent to ﬂy over a known distance. In the data, hydrogen ENAs
can be distinguished by their much shorter TOF than heavier species. The TOF range of the instrument is
50–1900 ns, corresponding to 100 eV–10 keV energy range for hydrogen ENAs. The instrument can resolve
the direction of an incident ENA as well. The intrinsic ﬁeld of view (FOV) is 9◦×90◦, divided into three sectors
(Dir0, Dir1, and Dir2) with an angular resolution ∼ 5◦ × 40◦ (full width at half maximum). The two sensors are
mounted such that their FOV planes are ±15◦ away from the nadir direction and perpendicular to the space-
craft velocity when the spacecraft is in the nadir pointing mode. NPD operates as a 6 pixel ENA telescope
facing Mars with an instantaneous FOV of 9◦ × 180◦. For more details, see Barabash et al. [2006].
We use the data obtained in the so-called “binning” mode, the main operation mode when the most part
of the data was obtained before the NPD operation was ceased in August 2004 [Grigoriev, 2007]. The actual
coverage of valid data is from 14 March to 9 July 2004. In this mode, an ENA TOF (energy) spectrum, which is
the ENA count rate as a function of the TOF (energy), is measured in 16 TOF (energy) steps for each sector at
a rate of one spectrum per second.
We choose the TOF (energy) range from 100 to 309 ns (0.3–3 keV) to calculate the ﬂux of hydrogen ENAs
as in Grigoriev et al. [2006], because almost all hydrogen ENAs are within this range [e.g.,Mura et al., 2008;
Futaana et al., 2011]. No oxygen ENAs are expected within this range, because it would require unrealisti-
cally high energy of the parent oxygen ions (>5 keV) in the region of the high neutral density [Barabash
et al., 2002; Futaana et al., 2011]. In addition, no oxygen ENAs have been clearly identiﬁed from Mars
[Galli et al., 2006].
3. Case Studies
3.1. Nominal Case: No Anomaly
Figure 1 shows a typical observation with little inﬂuence from the crustal magnetic ﬁeld on the ENA emis-
sion, which is called “the nominal case” hereafter. This orbit was on 10 June 2014, and the observation
period was from 22:23 UT to 22:52 UT. The spacecraft moved northward from the equator with increasing
altitude (Figure 1b). The local time of the spacecraft during this observation was about 08–10 A.M., and the
observed area on the dayside surface of Mars was at a solar zenith angle (SZA) less than 45◦ (Figure 1a).
During the period, the FOV of NPD1 “scanned” the dayside surface of Mars from ∼20◦S to ∼20◦N latitude.
This geometry was typical for the operation period from late May to early July in 2004. In this orbit, the Dir1
sector of NPD1 sensor observed the longitude region 30–60◦W, where there are no major magnetic anoma-
lies. Moreover, almost the whole dayside hemisphere is free of strong crustal magnetic ﬁeld (Figure 1b).
This is an ideal case to learn the baseline response of the instrument without any potential inﬂuence of the
crustal magnetic ﬁeld. The space environment proxies, such as the upstream dynamic pressure (solar wind
pressure (SWP)) [Crider et al., 2003], the shifted F10.7 ﬂux (F107), and the solar energetic particle (SEP) level
[Futaana et al., 2008] are listed for further references. We assume they do not vary drastically during the
period of the observation.
The dayside magnetosheath and magnetosphere are a source of charge exchange and backscattered ENAs
[Futaana et al., 2006a; Gunell et al., 2006a; Futaana et al., 2006c]. Figure 2a shows a TOF time spectrum of
the ENAs observed by NPD1 Dir1 during the nominal case. The TOF spectrum is equivalent to the energy
spectrum. We average 60 original spectra obtained within 1 min for better statistics and remove the UV
background by subtracting the count rate in the last TOF channel (longest TOF) [Futaana et al., 2006a] in the
average spectrum. Then we integrate the diﬀerential ﬂux intensity over 0.3–3 keV energy range in the aver-
age energy spectrum to get the directional ﬂux in the unit of cm−2 s−1 sr−1. The time series of the directional
ﬂux is shown in Figure 2b. The directional ﬂux kept 1–2 × 105 cm−2 s−1 sr−1 before 22:35 UT and gradu-
ally decreased afterward. The constant ﬂux indicates that the FOV of NPD1 Dir1 was fully covered by the
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Figure 1. Observation geometry of the nominal case with little inﬂuence of the crustal magnetic ﬁeld. (a) The observation geometry at 22:31:22 UT, 10 June 2004,
shown in the instrument frame. The frame grid shows the elevation (cocentered circles) and azimuth (dashed lines crossing at the center) angles. Red, green,
and blue quadrilaterals show the FOV of Dir0, Dir1, and Dir2 sectors for both sensors, respectively. The circle ﬁlled with dark red overlapped by white/green grids
represents Mars with the grid in the geographic frame, and the green curve is the equator. The dark blue contour shows the distribution of the crustal magnetic
ﬁeld intensity at 400 km altitude. The yellow crosses show the subsolar points on the bow shock (farther left) and the induced magnetic boundary (IMB, closer to
Mars). The short green line pointing out from a subsolar point mark shows the direction of the convective electric ﬁeld. (b) The trajectory of the spacecraft (black
curve with arrowhead) during the observation period in this orbit. Cross shows the position of the spacecraft at 22:31:22 UT. The black line at XMSO = 0 represents
the terminator. Space environment proxies: solar wind pressure (SWP) [Crider et al., 2003], F10.7 ﬂux shifted from the Earth to Mars (F107), and solar energetic
particle (SEP) level [Futaana et al., 2008].
source region of ENAs; therefore, the measured diﬀerential ﬂux intensity was kept the same as the spacecraft
ascended. After 22:35 UT, the FOV gradually covered larger area with lower ENA production rate; therefore,
the measured ﬂux decreased. This ﬂux decay is purely geometrical and was consistent for all orbits in the
Figure 2. (a) Energy-time (E-t) spectrum of the raw ENA counts
from NPD1 Dir1 during the observation period shown in Figure 1.
(b) The directional ﬂux calculated from the energy spectrum using
the method described in section 2. Embedded: energy spectrum
(solid line) of ENAs at the moment shown in Figure 1a (dashed lines
in Figures 2a and 2b). The shaded bins are the energy range taken
into account (0.3 keV–3 keV) in this study. The dotted line is the 1
count level.
operation period. In this study, we focus
on the constant ﬂux in the early part of
the observation.
3.2. Anomaly Case
Figure 3 shows an observation on the same
day but from an earlier orbit than the nom-
inal case. Since the two cases were only
20 h apart, the trajectory of the spacecraft
with respect to the Sun-Mars line, hence
the spacecraft local time, and the obser-
vation geometry kept almost unchanged.
The space environment proxies were also
very similar, especially the solar wind pres-
sure that has been discovered to be the
main inﬂuencing factor of ENA ﬂux intensity
[Wang et al., 2013]. Although the convective
electric ﬁeld rotated by ∼40◦, the space-
craft was in the same hemisphere with
respect to the electric ﬁeld in both cases.
Considering the variable nature of the
space plasma environment, the inﬂuencing
WANG ET AL. ©2014. American Geophysical Union. All Rights Reserved. 8602
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Figure 3. Observation geometry of the anomaly case with the inﬂuence of crustal magnetic ﬁeld. The observation was from 02:13:24 to 02:41:33 UT on the same
day as the nominal case. The structure of the ﬁgure is identical to that of Figure 1.
factors of these two cases were well constrained and similar. The critical diﬀerence between this case and
the nominal case was the presence of the main magnetic anomalies in the NPD FOV. At the beginning of the
observation, the spacecraft was above the strongest magnetic anomaly in the southern hemisphere. As the
spacecraft later moved northward, the FOV of NPD1 scanned over the northern boundary of the anomaly
region. One must note that the actual morphology of the magnetic ﬁelds are much more complicated
and extended than the contours shown in Figure 3 [e.g., Brain et al., 2003]. We call this case “the anomaly
case” hereafter.
Figure 4 shows the time series of the TOF spectrum observed again by NPD1 Dir1, and the directional
ﬂux calculated by the same method. Both the diﬀerential ﬂux intensity and the directional ﬂux are much
higher than those in the nominal case. The directional ﬂux increased by a factor of ∼4. As mentioned above,
the observation geometry and the upstream conditions were maintained as well as possible during both
Figure 4. (a) E-t spectrum and (b) directional ﬂux measured in the
anomalies case shown in Figure 3. The structure of the ﬁgure is the
same as Figure 2 except that the extra dashed line in the energy
spectrum panel shows the energy spectrum in the nominal case
for comparison.
observations, except for the diﬀerent
position of the magnetic anomalies with
respect to the instrument. Despite of the
variable nature of the ENA production
process, we assume that the enhance-
ment of ENA emissions is due to the
presence of the crustal magnetic anoma-
lies in the dayside hemisphere of Mars.
We will verify this hypothesis drawn from
the case study by the statistical results
using the whole data set.
4. Statistical Results:
Longitudinal Variation of ENA
Source Intensity
4.1. ENA Flux Backtracing
For a statistical analysis of the magnetic
anomaly inﬂuence on the ENA emissions,
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Figure 5. Illustration of source region position (P1 and P2) for the
measured ENA ﬂux (F1 and F2) at the spacecraft (SC). The solid
curve is the reference sphere at 0.2 RM altitude that we assumed for
representing the IMB. The dashed curve is the average shape of the
IMB measured by Mars Express [Dubinin et al., 2006]. The sizes and
shapes of Mars (dark shaded fan), the reference sphere, and the IMB
are to scale. LOS1 and LOS2 represent two types of lines of sight
(LOSs). See the text for details.
we ﬁrst develop a procedure to map locally
measured ENA ﬂuxes in the geographic
coordinate system. The observed diﬀeren-
tial ﬂux intensity in an instrument sector
is the integral of local neutral gas density
and the proton ﬂuxes over its lines of sight
(LOSs); therefore, the position of the source
along the LOS is unknown. Fortunately, pre-
vious observations and simulations showed
that the majority of dayside ENAs are emit-
ted near the dayside IMB (∼0.2 RM altitude)
[Kallio et al., 1997; Gunell et al., 2006a;
Futaana et al., 2006b] where the neutral
density is the highest (lowest altitude) and
the proton ﬂux is still signiﬁcant (protons do
not penetrate the IMB). Some simulations
showed that the most intense source region
locates between the bow shock and the IMB, from the subsolar point to a SZA of ∼ 75◦ [Kallio et al., 1997;
Mura et al., 2002; Holmström and Kallio, 2004; Gunell et al., 2006b]. With this knowledge, we deﬁne the source
position of the ENAs as (1) the intersection (P1) of its corresponding LOS (LOS1) and the IMB, if they intersect,
or (2) the point of the closest approach (P2) of the LOS (LOS2) to the center of Mars, if the LOS and the IMB do
not intersect (Figure 5). The intensity of the source can thus be described by the ﬂux of the measured ENAs
(F1 and F2, respectively). In case 1, we assume that the ENAs are emitted from the IMB, as revealed by pre-
vious observations and simulations. In case 2, we assume a spherically symmetric exosphere, of which the
neutral density along the LOS is the highest at P2; therefore, it is the most probable source position for the
observed ENAs. In practice, we divide the FOV of a sector into many LOSs, each of which is 2◦ apart. For each
LOS we apply the backtracing method mentioned above and locate its source position in the geographic
coordinate system. We exclude the data from a sector if none of its LOSs intersect with the IMB at all.
Figure 6 shows the results of the source region projection for the nominal and the anomaly case. Consis-
tent with Figures 1 and 3, the source region of ENAs in the nominal case covers the area between 260◦E
and 310◦E, 20◦S and 20◦N in the geographic coordinate system, while that in the anomaly case covers from
190◦E to 250◦E in the same latitude band. We use very ﬁne bins to demonstrate the actual shapes of the
backtraced source regions in both cases, which are very similar due to very similar observation geometries.
We repeat the backtracing process to all the orbits for the observation period when the solar wind
dynamic pressure was lower than 1.8 nPa, to exclude its inﬂuence on the ENA ﬂux [Wang et al., 2013].
Most of the selected observations were conducted between 09:00 and 12:00 local time. On each orbit,
Figure 6. Source positions of ENAs in the nominal case and the
anomaly case in the geographic coordinate system. The local times
in both cases are the same. Contours show, from the dotted to the
thickest curve, the modeled magnetic ﬁeld intensities of 20, 60,
100, 140, and 180 nT at 400 km altitude derived from the nightside
measurement of Mars Global Surveyor [Lillis et al., 2010].
the source positions cover an area of the
similar shape as one in Figure 6. Here
we only take the source positions with
SZA less than 75◦, because (1) we focus
on the ENA emission from the dayside
hemisphere and (2) other observations
may be in a much diﬀerent observa-
tion geometry. In this study we simplify
the shape of the IMB to a spherical sur-
face at 0.2 RM altitude for the simplicity
of calculations. This is the average alti-
tude of the IMB over the SZA < 75◦ above
the Mars surface. The deviation of the
reference sphere from the actual shape
of the IMB is ∼0 at the subsolar point
and <∼ 0.05 RM (170 km) at 75◦ SZA. This
approximation is valid for the current study
because (1) this diﬀerence is less than the
WANG ET AL. ©2014. American Geophysical Union. All Rights Reserved. 8604
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Figure 7. Maps of (a) ENA directional ﬂux, (b) crustal magnetic ﬁeld intensity, (c) mapped upstream solar wind pressure proxy, and (d) orbit coverage in the
geographic coordinates.
scale heights of atomic hydrogen (∼ 600 km) and hot atomic oxygen (∼ 240 km) [Feldman et al., 2011] which
are the major neutrals to produce charge exchange ENAs, (2) the variation of the IMB altitude during the
whole observation period is larger than this diﬀerence [Dubinin et al., 2006], and (3) the resultant ENA source
intensity map is not sensitive to the altitude of IMB. We made a test assuming diﬀerent reference sphere
altitudes (e.g., 0.1 or 0.3 RM), the results do not change at current resolution (20
◦ × 20◦), meaning that the
backtracing method is robust under current resolution against diﬀerent IMB altitudes in a realistic range.
4.2. Statistical Results From the Whole Data Set
So far, we have associated the measured ENA ﬂuxes with the geographic coordinate system by locating their
most probably source position. The number of energy spectra, i.e., number of projection positions, ranges
from 600 (10 min observation) to 2000 (30 min observation) per orbit. We then resample all the projection
positions with a certain bin size to generate a uniform geographic map. The bin size should be large enough
to contain enough ﬂux values from multiple orbits, while small enough to show spatial patterns associated
with the magnetic anomalies. After several trials we use a bin size of 20◦ × 20◦, to make sure that every bin
has been covered by at least 10 orbits (Figure 7d). Bins outside the latitude band 30◦S–30◦N are discarded
because they are covered by too few orbits. Within each bin, the source positions projected from the same
initial directional ﬂux are counted as onemeasurement. We then calculate the median value of all directional
ﬂuxes in each bin for its robustness against extreme values. The results are shown in Figure 7a.
The ENA source intensity expressed by the directional ﬂux shows longitudinal variation in all three latitude
bands. The peak-to-valley variation ranges from 45% to 91%. The more intense source regions locate diﬀer-
ently among diﬀerent latitudes, but they all show a peak or a plateau over the 140◦E–280◦E longitude range.
Another more conﬁned region with higher source intensity is evident between 20◦E and 60◦E, in the 0◦ and
20◦S latitude bands. Figure 8 shows the median value, the 25% and 75% quartiles of the source intensity in
the 0◦ band, all of which show similar variations.
These two regions—140◦E–280◦E for all latitude bands and 20◦E–60◦E for 10◦S–10◦N—coincide with the
two strongest crustal magnetic anomaly regions in the selected latitude range. In order to quantify this coin-
cidence, we ﬁrst down sample the crustal magnetic ﬁeld intensity into the same resolution as in the ﬂux map
(Figure 7b). The magnetic ﬁeld intensity value in each bin is the median of all raw data points in the model
covered by the bin. Here we do not directly correlate the ﬂux in the three latitude bands with the magnetic
ﬁeld intensity in the same bins, because the inﬂuence of a stronger crustal magnetic ﬁeld extends further
than a weaker ﬁeld. Hence, we take the maximum |B| values across the 30◦S–30◦N for each longitude bin
WANG ET AL. ©2014. American Geophysical Union. All Rights Reserved. 8605
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Figure 8. The three quartiles of the source intensity expressed in
directional ﬂux as a function of the longitude for the 10◦S–10◦N
bins. The shaded histogram shows the maximum |B| values across
the latitudes in Figure 7b.
(shaded histogram in Figure 8) as the refer-
ence magnetic ﬁeld intensity and calculate
Spearman’s rank correlation coeﬃcients
of the ENA ﬂuxes in the three latitude
bands with it. The three correlation coeﬃ-
cients for the 20◦S, 0◦, and 20◦N latitudes
are, respectively, 0.214, 0.527, and 0.787.
The probabilities that the ENA ﬂuxes and
the reference magnetic ﬁeld intensities
are correlated by chance under the null
hypothesis are p = 0.395, < 0.0005, and
0.025, meaning that in the latitude range
10◦S–30◦N, the correlation is signiﬁcant
according to the p < 0.05 criterion. In
the 20◦S latitude band the correlation is
not signiﬁcant, the reason for which is
discussed later.
We also investigate the correlation coeﬃ-
cient between the ENA directional ﬂux and the SWP. We have already excluded all the data obtained when
the solar wind dynamic pressure was higher than 1.8 nPa to avoid its inﬂuence. However, its residual ﬂuc-
tuation below 1.8 nPa may still contribute to the ﬂuctuation of ENA emission, partly. Here we map the SWP
to the geographic coordinates in the similar means to the concurrent ENA measurements (Figure 7c). The
correlation coeﬃcients between the ENA directional ﬂuxes in the three latitude bands and corresponding
SWP values are −0.099 (20◦N, p = 0.696), 0.195 (0◦, p = 0.437), and −0.614 (20◦ S, p = 0.007). The correla-
tions are not signiﬁcant except for the 20◦S latitude band. The insigniﬁcance of the correlation indicates
that the cleaning of SWP inﬂuence is eﬀective. The anticorrelation between the SWP and the ENA ﬂux at
20◦S suggests that the observations in this latitude band have been disturbed by the residual ﬂuctuation of
the SWP; therefore, the correlation between the ENA ﬂux and the crustal magnetic ﬁeld intensity becomes
less clear.
5. Discussion
The NPD observes enhanced ENA emission associated with the presence of the crustal magnetic anomalies
in its FOV. The case studies show that the ENA directional ﬂux in the anomaly case was 4 times higher than
that in the nominal case. Statistical study shows the same result that ENA emissions are stronger from the
regions with stronger crustal magnetic ﬁeld.
Longitudinal variations of the neutral atmosphere propagating up to the exosphere may result in the ENA
signal increase. The only known phenomenon resulting in the neutral density increase at certain geo-
graphic longitudes is nonmigrating tides [cf. Forbes, 2004]. However, the longitudes of the maximum neutral
density associated with these tides are ∼ 90◦ and ∼ 270◦ [Forbes, 2004], whereas we observe ENA enhance-
ments in 20◦–60◦ and 140◦–280◦. Thus, nonmigrating tides cannot be responsible for the observed ENA
ﬂux enhancement.
From the mapping of the ENA ﬂux observed by Mars Express/NPD data set, apparent enhancements of the
ENA ﬂux, coinciding with the magnetic anomaly locations, are identiﬁed. We brieﬂy discuss the two poten-
tial mechanisms that may consistently explain the observed apparent enhancement of ENA ﬂux above the
magnetic anomalies: (1) the deﬂection of the highly directional plasma ﬂow above anomalies toward the
detectors and (2) increase of exospheric densities above the anomalies.
The plasma ﬂow in the magnetosheath is anisotropic because the proton thermal velocity is much smaller
than the bulk velocity except for the region close to the stagnation point of the magnetopause. The resul-
tant charge exchange ENA ﬂux is therefore anisotropic and resembles a beam or jet [Futaana et al., 2006a]
along the direction tangential to the solar wind ﬂow direction. If the spacecraft is outside the ENA beam,
only a small fraction of the ﬂux resulting from thermal spreading of the original protons population can
be observed (Figure 9a). On the other hand, complex structures of the anomalies’ magnetic ﬁeld and its
interaction with the magnetosheath plasma result in highly irregular plasma ﬂow pattern above magnetic
WANG ET AL. ©2014. American Geophysical Union. All Rights Reserved. 8606
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Figure 9. Sketch for the deviation of the proton velocity toward the
detector caused by the magnetic anomalies. The solid curves with
arrows represent streamlines of protons in the magnetosheath. The
open arrow represents ENA ﬂuxes, and its size illustrates the ﬂux
value. (a) The spacecraft only detects low ENA ﬂux without magnetic
anomalies; (b) the deviation of the proton ﬂow due to presence of the
magnetic anomalies provides higher ﬂux to the spacecraft.
anomalies. Such irregular plasma ﬂows
can produce ENAs with a wide direction
spread, and therefore, a higher ﬂux can
be now detected from the same posi-
tion (Figure 9b). If this mechanism acts
on, the ENA source regions inﬂuenced by
magnetic anomalies may exceed the area
of the magnetic anomalies on the sur-
face of Mars; therefore, the enhancement
of ENAs in Figure 7a does not strictly
cover the magnetic anomalies.
Another possible mechanism is the
enhancement of the exosphere den-
sity caused by the existing of magnetic
anomalies. One possible source of the
enhanced neutral density is the heating and sputtering of the atmosphere by the precipitating magne-
tosheath plasma. The heating would elevate the altitude of the exobase and increase the exospheric scale
height and thus locally increase the exospheric density above the IMB [Ness et al., 2000; Krymskii et al.,
2004]. However, these enhancements are expected to be negligible since the local cusp regions are much
smaller in comparison to the total area of the magnetic anomalies [Brain et al., 2007], and instances of
large scale heights are rare according to radio occultation observations [Ness et al., 2000]. Enhancements
of the neutral density due to sputtering are also expected to be negligible for nominal solar conditions
at Mars [Johnson et al., 2008;Wang et al., 2014]. Another source of the exospheric density enhancement
is via the modiﬁcation of chemical reactions in the magnetic anomaly regions with closed ﬁeld lines. The
magnetic ﬁeld can conﬁne the ionospheric electrons and prohibit their vertical transport, changing the
ionospheric density proﬁle with respect to nonmagnetized regions. The change of the ionospheric pro-
ﬁle alters the neutral gas proﬁles and ENA production rate via charge exchange. If the plasma ﬂow pattern
keeps the same in the anomaly case, an increase of 4 times in the detected ENA in the anomaly case means
that the ENA production rate can vary in a comparable ratio. If we assume the directionality of ENA emis-
sion to be the same as inWang et al. [2013], and the source region is the magnetosheath with a SZA less
than 75◦, we can derive the dayside ENA emission rate to be 2.1 × 1023 s−1 and 8.4 × 1023 s−1 for the nom-
inal case and the anomaly case, respectively. The enhancement in the neutral atmosphere should be also
comparable. The eﬀects of magnetic anomalies on the neutral atmosphere have not been studied com-
prehensively. Modern optical spectrometry and ionospheric sounding experiments are suitable to verify
this hypothesis.
6. Conclusion
Using measurements of the ENA diﬀerential ﬂux data from MEX/ASPERA-3/NPD during stable solar wind
conditions and low solar wind dynamic pressure (<1.8 nPa) we identiﬁed the ENA enhancement events
when the crustal magnetic anomalies face the Sun and close to the FOV of NPD. We further revealed
the distribution of the ENA emission intensity expressed by the ENA directional ﬂux backtraced to its
source positions close to the IMB, in a planetary coordinate system. In the longitude ranges 20◦E–60◦E and
140◦E–280◦E between 30◦S and 30◦N, the ENA ﬂux shows twomaxima, with a peak-to-valley ratio of 1.4–1.9.
These two ENA ﬂux enhancements coincide with the two strongest crustal magnetic anomaly regions. In
two of three latitude bands, the correlation between the ENA ﬂux and the magnetic ﬁeld intensity is signif-
icant, while in the other latitude band the ENA ﬂux may have been disturbed by the residual ﬂuctuation of
the SWP. The physical relations between the ENA emission and the crustal magnetic anomalies, in addition
to the veriﬁcation of the correlation itself, need further studies. Two possible mechanisms explaining the
ENA ﬂux enhancement have been proposed, namely, the deviation of the proton velocity caused by irreg-
ular magnetosheath plasma ﬂows in the anomaly regions and an increase in the exospheric density close
to the magnetic anomalies. In situ plasma measurements in the anomaly regions and remote spectroscopic
observations can test these hypotheses.
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